The Landauer-Büttiker formalism combined with the tight-binding transfer matrix method is employed to model vertical coherent spin transport within magnetization modulated semiconductor heterostructures based on GaAs. This formalism provides excellent physical description of recent experiments concerning the high tunneling magnetoresistance (TMR) in (Ga,Mn)As-based trilayers and highly polarized spin injection in p-(Ga,Mn)As/n-GaAs Zener diode. For both the TMR and the Zener spin current polarization, the calculated values compare well with those observed in the experiments and the formalism reproduces the strong decrease of the observed effects with external bias. We ascribe this decrease to the band structure effects. The role played in the spin dependent tunneling by carrier concentration and magnetic ion content is also studied. 
Introduction
With the recent discovery of ferromagnetic semiconductors [1] compatible with III-V epitaxy [2] the field of spintronics has expanded from all-metal [3, 4] and hybrid metal-semiconductor [5] structures to include all-semiconductor ferromagnetic devices [6] . Such devices have revealed intriguing properties, such as control of their Curie temperature with an applied voltage [7] . This is a consequence of the carriermediated nature of the ferromagnetism in these materials, which allows manipulation of the magnetic properties through control of the electronic subsystem (i.e., through doping, gating, etc.) [8] .
(Ga,Mn)As is believed to be one of the most promising materials for semiconductor spintronics. First of all, it has almost the same lattice constant as GaAs and AlAs, and with the (Ga,Mn)As/III-V heterostructures one can form high-quality all-semiconductor spintronic devices, such as magnetic tunnel junctions. In addition, (Ga,Mn)As, based devices might be easily integrated within other III-V-based devices. Moreover, in recent years the optimization of the conditions of MBE growth and post-growth annealing of (Ga,Mn)As has resulted in a still rapid increase of the Curie temperature in this compound, which now reaches 173 K [9] .
Spin-dependent phenomena in modulated magnetic semiconductors attract a lot of interest due to the possible applications in spintronic devices. One of the fundamental prerequisites for construction of functional spintronic devices, such as spin transistors [10] , is efficient spin injection from ferromagnetic regions into the paramagnetic ones. On the other hand, the tunneling magnetoresistance (TMR) effect, discovered by Júlliere in a Co/Ge/Fe structure [11] , has already found many applications in magnetic field sensors and magnetic random access memories, for example. Both these phenomena have been also recently observed in (Ga,Mn)As-based structures. It has been demonstrated that highly spin-polarized electron current (about 80%) can indeed be obtained from p-(Ga,Mn)As/n-GaAs Zener diode [12] . Also a high (of about 75%) TMR effect in (Ga,Mn)As/AlAs/(Ga,Mn)As trilayers was presen-ted first by Tanaka and Higo [13] . Recent experiments exhibit TMR even as high as 250% [14] [15] [16] .
The further developement of spintronic devices requires deep understanding of vertical spin transport and a modeling tool that facilitates the design of new devices. Since the ferromagnetic coupling in (Ga,Mn)As is mediated by the holes [1, 8] , a meaningful theory has to take into account the entire complexity of the valence band, including the spin-orbit interaction. Furthermore, the intermixing of valence bands caused by spin-orbit coupling shortens the spin diffusion length and makes it comparable to the phase coherence length. This renders the models based on the classical spin-diffusion equation, which describe satisfactorily the spin transport phenomena in metallic MTJs, nonapplicable directly to the structures containing layers of hole-controlled diluted ferromagnetic semiconductors.
Recently, we have developed a computational scheme for vertical coherent spin transport. This model combines the two-terminal Landauer-Büttiker formalism with the empirical multi-orbital tight-binding description of the semiconductor band structure. In this way, the quantum character of spin transport over the length scale relevant for the devices in question is taken into account.
Furthermore, the tight-binding approach, in contrast to kp models employed so-far [17, 18] , allows for a proper description of effects crucial for spin transport in heterostructures such as atomic structure of interfaces, effects of Rashba and Dresselhaus terms, as well as tunnel involving k states away from the center of the Brillouin zone. Our model has recently been applied to describe selected features of Zener-Esaki diodes [19, 20] and TMR devices [20] and has also been as well as it was adopted to examine an intrinsic domain-wall resistance in (Ga,Mn)As [21] .
The present paper is organized as follows. In Sec. 2, we present the basics of the formalism employed. In Secs. 3 and 4, we discuss two basic phenomena mentioned above, namely, the injection of spin polarized valence electrons into the conduction band of GaAs realized in the p-(Ga,Mn)As/n-GaAs Zener diode, and TMR effect in (Ga,Mn)As/GaAs/(Ga,Mn)As structures.
Theoretical model
We consider a prototype heterostructure which is uniform and infinite in the x and y directions, has modulated magnetization along the z ([001]) growth direction, and is connected to two semi-infinite bulk contacts denoted by L and R. In all cases considered, we assume that the bias is applied in such a way that spin-polarized carriers are injected from the ferromagnetic left lead. Our goal is to calculate the electric current in the structure and the degree of current spin polarization outside the left lead. The typical length of the structures studied is comparable to the phase coherence length. Therefore, we restrict ourselves to the vertical coherent transport regime that we treat within Landauer-Büttiker formalism, where the current is determined by the transmission probability of the ingoing Bloch state at the left contact into the outgoing Bloch state at the right contact. In the presence of spin-orbit coupling, the spin is not a good quantum number. The only conserved quantities in tunneling are the energy E and, due to the spatial in-plane symmetry of our structures, the in-plane wave vector k || . We use semi-empirical tight-binding formalism to calculate electronic states of the system for given k || and E and further compute transmission coefficients. [23] . The other parameters of the model for the (Ga,Mn)As material and for the NN interactions between GaAs and (Ga,Mn)As are taken to be the same as for GaAs. This is well motivated because the valence-band structure of (Ga,Mn)As with small fraction of Mn has been shown to be quite similar to that of GaAs [23] . Consequently, the valence band offset between (Ga,Mn)As and GaAs originates only from Having determined the Hamiltonian of the system, we are now in the position to define the current and current spin polarization in the presence of spin-orbit coupling. 
Tight-binding model

Current and current spin polarization
The current flowing in the rightward direction can now be written as [24] 
where f L or respectively f R are the electron Fermi distributions in the left and right interface and i j , number the corresponding Bloch states. Plugging in the expresion given in Eq. (1) and using the time reversal symmetry:
we get
To calculate the current one has to determine the transmission probability, and thus the transmission
, , , ( , )® k and the group velocities v L j , , of the ingoing and v R j , , of the outgoing states. These can be obtained by solving the Schrödinger equation for the structure with appropriate scattering boundary conditions. In our studies, we follow closely the procedure detailed in Refs. 25 and 26, which we have generalized to the case with spin-orbit coupling.
In the studies of the Zener tunneling diode, we are mostly interested in the degradation of the spin polarization of carriers passing from the source (Ga,Mn)As to a paramagnetic n-GaAs drain. To quantify this degradation, we introduce the spin polarization of the outgoing Bloch state [27] defined as
,
where Ω is the direction of the spontaneous magnetization in the ferromagnetic semiconductor and s is the spin operator. Then, we can define the total spin polarized current:
.
The spin polarization of the coherently transmitted current is now equal to
This scheme follows closely some ideas introduced recently in studies of the spin depolarization of holes in the (Ga,Mn)As/GaAlAs/p-GaAs structures [27] and will be employed to analyze the spin polarization of current in the Zener tunnel diode.
Results and discussion
In this Section we employ the formalism described in the previous Section to the structures studied experimentally. We start the discussion with the Zener tunnel diode and further we discuss TMR structures based on (Ga,Mn)As ferromagnetic semiconductors.
Zener tunnel diode
A rather high » 80% spin polarization of the tunneling electrons from the valence band of (Ga,Mn)As to the GaAs conduction band has been recently obtained in Zener diodes [12, 28] . This opens new perspectives for applications of electron spin injection. However, the experimentally observed degree of current spin polarization exhibits a sharp decrease with the applied bias [12, 28] . In the present paper we analyze theoretically the transport in the Zener diode structures as a function of the applied bias employing the developed theoretical scheme involving transfer matrix formalism described in Sec. 2. However, within this formalism, one is not able to consider the whole structure investigated experimentally, because of computational constraints. Therefore, we perform the analysis of the intriguing phenomenon of current drop with applied bias in two steps. First, we model the charge transport in the entire Zener diode (corresponding to the experimental structure) under bias using continuum theory and a commercial simulation tool [19] . This allows self-consistent calculations of semiconductor heterostructures taking into account band-to-band tunneling, recombination, and impact ionization. By these simulations a detailed understanding of the charge distribution and the band lineup in the entire device can be achieved. Next, we consider the most essential part of the device consisting of p-Ga 1-x Mn x As/n-GaAs tunnel junction using the calculated potential profile in the tight-binding Hamiltonian. According to the self-consistent calculations, the scattering region consists of approximately 120 monolayers of Ga 1-x Mn x As and GaAs, and corresponds roughly to the depletion zone of the diode. In Fig. 1 we show the calculated potential profile in the structures used in experiments [12] . This potential profile has been obtained in self-consistent calculations for external reverse bias of V 0 = 1.8 V, i.e., the voltage for which the interband tunneling process starts. This potential profile is the basis for the calculation of the spin-current polarization within the transfer matrix formalism. An additional component of the potential profile used in the transfer matrix formalism is the bias DV that corresponds to the potential drop across the Zener diode when the bias on the whole spin-LED is changed. We assume a linear potential drop which fairly well renders the real band bending across the p-n junction.
In Fig. 2 the dependence of the current spin polarization on the external bias DV in the Zener tunneling diode is depicted. One can see that at low bias, the current spin polarization is of the order of 0.6, in good agreement with the experimental results (0.7-0.8). Interestingly, the current spin polarization decreases rapidly with DV. The strong dependence of current spin polarization on bias is again in agreement with the experimental findings, though a direct comparison is hampered by the fact that the exact relation between DV and the total bias V applied to the device is known only from simulations. Having these obstacles in mind and to reduce computational burden, the calculations for higher bias (DV > 0.1 V) have been performed with lower accuracy. The latter is probably responsible for the spread of current spin polarizations obtained in this region. It is pretty obvious that the degree of spin polarization of the tunnel current may depend on these intrinsic features of (Ga,Mn)As layers. For example, it is well known that magnetic characteristics of (Ga,Mn)As depend strongly on both hole and manganese concentrations [8] . To investigate this problem, we have calculated the dependence of current spin polarization on the hole concentration p and Mn content x. For these calculations we assume that the electron concentration is n = 10 . are depicted in Fig. 3 . These results show a strong decrease of the tunneling current spin polarization with the increase of hole concentration. The spin injection in the Zener diode depends also crucially on the content of magnetic ions in the Ga 1-x Mn x layer. For x = 0 08 . , we obtain the spin current polarization of the order of 60%, which agrees fairly well with the observations in [12] .
Vertical spin transport in semiconductor heterostructures
Another problem in studies of spin currents is the role of anisotropy, since (Ga,Mn)As layers exhibit a variety of anisotropic properties [8, 29, 30] . We have also studied anisotropy effects in spin polarization of the tunneling current in the Zener diode within developed the scattering formalism developed, gaining some insight into physical mechanism leading to such anisotropy [31] .
Tunneling magnetoresistance
Now we demonstrate how the whole TMR semiconductor structures can be modeled by the formalism developed. In our calculations of the TMR effect we consider the structure consisting of three layers. The two half-infinite leads are build made of ferromagnetic p-type Ga 1-x Mn x As. The middle, scattering region is composed of the nonmagnetic GaAs, which forms a barrier for the holes. We compare the tunneling currents in two configurations, i.e., with parallel (ferromagnetic -FM) and the antiparallel (antiferromagnetic -AFM) alignments of the spontaneous magnetizations in the leads. We define the TMR as
where I FM and I AFM are the currents in the FM and AFM configurations of the spontaneous magnetizations in the leads, respectively. In Fig. 4 ,a the TMR values obtained, for a given (8%) Mn content and a set of different hole concentrations in the FM layers are plotted as a function of the applied bias. As can easily be seen from the Fig. 4 , TMR depends strongly on the hole concentration. As TMR is determined primarily by the spin polarization of the carriers at the Fermi level, this is in agreement with the result of Ref. Mn we obtain the TMR of the order of 250%, as observed recently by Chiba et al. [15] ; for 4% Mn the calculations lead to a TMR of the order of 60%, in perfect agreement with the experimental observations [13, 34] . Therefore, our calculations seem to suggest that for obtaining high TMR, large exchange splittings, i.e., high concentrations content of magnetic ions, are needed. Unfortunately, the presented in Fig. 4 dependence suggests that the attempts to increase the hole concentration in (Ga,Mn)As, in order to obtain higher Curie temperature, may result in much smaller TMR in the structure.
Summary
We have analyzed the vertical coherent spin transport in (Ga,Mn)As-based heterostructures using a tight-binding model together with the Landauer-Büttiker formalism. Our studies reproduce quantitatively the recently observed high TMR in (Ga,Mn)As/(Al,Ga)As/(Ga,Mn)As trilayers. Within the formalism we are able to study spin polarization of the current. The theoretical calculations of (Ga,Mn)As/(Al,Ga)As Zener diodes demonstrate large spin polarization of the injected current in excellent agreement with experimental results. The model reproduces as well the experimentally observed strong dependence of the spin polarization of the injected current and TMR effect on the applied bias voltage, both in Zener and TMR heterostructures. It should be pointed out that our calculations do not take into account, e.g., the interfacial roughness or the scattering on impurities or defects, magnons, and other physical effects that were previously ascribed to this intriguing bias dependence. Instead, the formalism employed describes carefully the electronic structure of the heterostructure, especially at the interfaces. In contrast to the standard ( ) k p × -method, the scattering formalism based on the tight-binding scheme takes into account all the effects resulting from the electric field in the depletion zone, in particular Rashba and Dresselhaus terms which are essential for the lost of spin polarization. These features make the approach particularly suited for studying phenomena related to spin-polarized tunneling.
This work was partly supported by the EC project NANOSPIN (FP6-2002-IST-015728). Calculations were carried out using the resources and software at Interdisciplinary Center of Mathematical and Computer Modelling (ICM) in Warsaw.
